The compounds BaMn2As2 and BaFe2As2 both crystallize in the body-centered-tetragonal ThCr2Si2-type (122-type) structure at room temperature but exhibit quite different unit cell volumes and very different magnetic and electronic transport properties. Evidently reflecting these disparities, we have discovered a large miscibility gap in the system Ba(MnxFe1−x)2As2. Rietveld refinements of powder x-ray diffraction (XRD) measurements on samples slow-cooled from 1000
The compounds BaMn2As2 and BaFe2As2 both crystallize in the body-centered-tetragonal ThCr2Si2-type (122-type) structure at room temperature but exhibit quite different unit cell volumes and very different magnetic and electronic transport properties. Evidently reflecting these disparities, we have discovered a large miscibility gap in the system Ba(MnxFe1−x)2As2. Rietveld refinements of powder x-ray diffraction (XRD) measurements on samples slow-cooled from 1000
• C to room temperature (RT) reveal a two-phase mixture of BaMn2As2 and Ba(Mn0.12Fe0.88)2As2 phases together with impurity phases for x = 0.2, 0.4, 0.5, 0.6 and 0.8. We infer that there exists a miscibility gap in this system at 300 K with composition limits 0.12 < ∼ x < ∼ 1. For samples quenched from 1000
• C to 77 K, the refinements of RT XRD data indicate that the miscibility gap at RT narrows at 1000
• C to 0.2 < ∼ x < ∼ 0.8. Samples with x = 0.4, 0.5 and 0.6 quenched from 1100-1400
• C to 77 K contain a single 122-type phase together with significant amounts of Fe1−xMnxAs and FeAs2 impurity phases. These results indicate that the system is not a pseudo-binary system over the whole composition range and that the 122-type phase has a significant homogeneity range at these temperatures. Magnetic susceptibility χ, electrical resistivity ρ and heat capacity measurements versus temperature T of the single-phase quenched polycrystalline samples with x = 0.2 and 0.8 are reported. We also report attempts to grow single crystals of the substituted compounds Ba(Mn1−xTx)2As2 (T = Cr, Fe, Co, Ni, Cu, Ru, Rh, Pd, Re, Pt) and BaMn2(As1−xSbx)2 out of Sn flux. Energy dispersive x-ray analyses show that most of these elements do not substitute into the lattice in amounts greater than 0.5%. However, concentrations of 4.4%, ∼ 10% and 2.6% were achieved for Cr, Fe and Sb substitutions, respectively, and χ(T ) and ρ(T ) data for these crystals are presented. 
I. INTRODUCTION
The discovery 1 of superconductivity at 26 K in LaFeAsO 1−x F x with the tetragonal ZrCuSiAs-type structure in 2008 motivated many efforts to understand the superconducting pairing mechanism and to discover additional families of Fe-based superconductors.
2 New parent compounds AFe 2 As 2 (A = Ba, Sr and Ca) that crystallize in the related tetragonal ThCr 2 Si 2 -type (122-type) structure, together with other families, were soon discovered.
2 Among 122-type materials, BaFe 2 As 2 has gained much attention as a parent compound because superconductivity can be induced in this material by various means, i.e., by applying pressure [3] [4] [5] and by substitutions at the Ba site (by K) 6 , at the Fe site (by Co, Ni, Ru, Rh, and Pd), 2, 7 and at the As site (by P). 8 An interesting result is that while electron doping by Co, Ni, Rh and Pd at the Fe site in BaFe 2 As 2 induces superconductivity, hole doping by Cr and Mn for Fe does not.
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The reported experimental results and electronic structure calculations demonstrate that the physical properties of BaCr 2 As 2 and BaMn 2 As 2 are significantly different from those of BaFe 2 As 2 . [13] [14] [15] [16] In particular, the unit cell volume of BaMn 2 As 2 (234.12Å
3 ) is much larger than that of BaFe 2 As 2 (204.38Å
3 ), 2 in spite of the fact that Mn and Fe are 3d transition-metal neighbors in the Periodic Table. This divergence suggests that the Mn +2 is in a high-spin state while, in a local moment model, Fe +2 is in a low-spin state. BaMn 2 As 2 is an antiferromagnetic insulator with a large ordered moment of 3.9 µ B /Mn and a high Néel temperature T N = 625 K (Ref. 16 ) whereas BaFe 2 As 2 is an itinerant antiferromagnet with a much lower ordered moment of 0.9 µ B /Fe and a much lower T N = 137 K. 2 In addition, the antiferromagnetic structure of BaMn 2 As 2 is Néel-type (G-type or checkerboardtype) with the ordered moments aligned along the tetragonal c axis, 16 whereas that of BaFe 2 As 2 is a type of antiferromagnetic stripe structure with the ordered moments aligned in the ab plane.
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There have been a number of investigations of ironarsenide compounds in which the Fe is partially substituted by Mn. 10, 12, [17] [18] [19] [20] [21] [22] For AFe 2 As 2 -type materials, a maximum of 17.6% and 18% Fe substitution by Mn was reported for BaFe 2 As 2 (Ref. 12) and SrFe 2 As 2 (Ref. 18) , respectively. Although the Mn doping leads to suppression of the magnetic and structural transitions to lower temperatures, the reported results suggest that doping with Mn is detrimental to the occurrence of superconductivity and in most cases it leads to a magnetic and more resistive ground state. 10, 12, [17] [18] [19] [20] [21] It has been reported that in hole-doped systems, besides the changes in the electronic structure introduced by the dopant, the resultant variation of the Fe-As bond length plays a crucial role in defining the nature of the ground state. 18, 20 The variation of Fe-As bond length for K-and Mn-doped SrFe 2 As 2 is significantly different. 18 In none of these studies of A(Mn x Fe 1−x ) 2 As 2 systems was the possible existence of a miscibility gap in the phase diagram mentioned.
The peculiar properties of BaMn 2 As 2 suggest that this compound may be a bridge between the BaFe 2 As 2 -type materials and the more ionic high-T c cuprates. 15, 16 This in turn suggests that if BaMn 2 As 2 could be doped into the metallic state, the resulting compounds might have interesting superconducting properties. This possibility motivated our attempts to grow single crystals of substituted BaMn 2 As 2 , as will be discussed. However, we found that the attempted substitutions usually failed to achieve concentrations above 0.5%. In the case of Fe substitutions for Mn, the single crystals contained a maximum of ∼ 10% Fe substituted for Mn. It was not clear to us whether such limits arose from peculiarities of the crystal growths, or were intrinsic to the equilibrium phase diagrams. To investigate this question, we chose to study Ba(Mn x Fe 1−x ) 2 As 2 in more detail as a prototype system using polycrystalline samples. We discovered a wide miscibility gap in this system in slow-cooled samples, which only narrows slightly for samples quenched from 1000
• C to 77 K. Magnetic susceptibility χ, electrical resistivity ρ and heat capacity C p versus temperature T data for single-phase polycrystalline Ba(Mn 0.2 Fe 0.8 ) 2 As 2 and Ba(Mn 0.8 Fe 0.2 ) 2 As 2 samples quenched from 1000
• C will be reported. We also present ρ(T ) and/or χ(T ) data for several of the above-mentioned lightly-doped crystals.
The remainder of the paper is organized as follows. The experimental details are given in Sec. II. The phase analyses and structures of polycrystalline and single crystal samples with nominal composition Ba(Mn x Fe 1−x ) 2 As 2 , which establish the miscibility gap, are given in Sec. III.
The physical properties of the single-phase polycrystalline Ba(Mn 0.2 Fe 0.8 ) 2 As 2 and Ba(Mn 0.8 Fe 0.2 ) 2 As 2 samples quenched from 1000
• C are presented in Sec IV. Our χ(T ) and ρ(T ) data for substituted single crystals of BaMn 2 As 2 are presented in Sec. V. A summary of this work and our conclusions are given in Sec. VI.
II. EXPERIMENTAL DETAILS
Polycrystalline samples of Ba(Mn x Fe 1−x ) 2 As 2 (x = 0.2, 0.4, 0.5, 0.6 and 0.8) were synthesized by solid state reaction using Ba (99.99%) from Sigma-Aldrich, and Fe (99.998%), Mn (99.95%) and As (99.99999%) from AlfaAesar. Stoichiometric mixtures of the elements were pelletized and placed in alumina crucibles that were sealed inside evacuated silica tubes. The samples were heated to 585
• C at a rate of 40
• C/h, held there for 20 h, then heated to 620
• C at a rate of 7
• C/h, held there for 20 h, and finally heated to 750
• C at 30
• C/h and held there for 25 h. The samples were then thoroughly ground, pelletized and again sealed in evacuated silica tubes. The samples were fired at 750
• C and then at 1000
• C for 20 h and 80 h, respectively, followed by furnace-cooling ("slow-cooling"). For quenching experiments, pressed pellets were wrapped in Ta foil and sealed in silica tubes containing ∼ 1/3 atm of Ar. The tubes were then heated to temperatures ranging from 1000 to 1400
• C for 2-20 h and then quenched into liquid nitrogen at 77 K. There and Sb present in the Sn-grown Mn-and As-rich crystals of Ba(Mn1−xTx)2As2 and BaMn2(As1−xSbx)2, respectively. A value of "0" means that the EDX measurement software gave this value with no error bars. The Sn content is the atomic fraction with respect to the total transition metal content. The Fe-substituted sample with high Fe concentration marked by an asterisk is Crystal-1 in Table III below, for which the Fe and Sn concentrations at two different points on the crystal surface were measured.
Substitutions
Site Amount(%) Sn-content (%) Cr Mn-site 4.4 ± 0.9 0.7 ± 0.5 Fe Mn-site 9.9 ± 0.5 0.6 ± 0.1 Fe* Mn-site 91.3 ± 0.9 2.7 ± 0.3 91.6 ± 0.9
was no evidence that the samples reacted with either the Ta foils or the silica tubes during these quenching experiments. Structural characterization of the polycrystalline samples was performed using powder x-ray diffraction (XRD) data obtained from a Rigaku Geigerflex powder diffractometer and CuK α radiation. The FullProf package was used for Rietveld refinement of the XRD data.
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Attempts to grow single crystals of Ba(Mn 1−x T x ) 2 As 2 (T = Cr, Fe, Co, Ni, Cu, Ru, Rh, Pd, Re and Pt) and BaMn 2 (As 1−x Sb x ) 2 were made using Sn flux. To begin, polycrystalline samples of Ba(Mn 1−x T x ) 2 As 2 or BaMn 2 (As 1−x Sb x ) 2 were synthesized using the method described above and then ∼ 200 mg of a sample was placed in an alumina crucible together with Sn, using a sample to Sn molar ratio of 1 : 45. The top of the crucible was packed with quartz wool. The alumina crucible was sealed inside a silica tube under a pressure of ∼1/3 atm Ar. The sample was heated to 1100
• C/h, held there for 40 h, and then cooled to either 700
• C or 900
• C at a rate of 4
• C/h. At the respective temperature the Sn flux was decanted using a centrifuge. The typical size of the shiny plate-like crystals obtained was 2 × 2 × 0.2 mm 3 . The chemical compositions of the crystals grown in Sn flux were measured by energy dispersive x-ray (EDX) analysis using a JEOL scanning electron microscope. The EDX results showed that most growth attempts resulted in substitutions of less than 0.5% except for the cases of Cr, Fe and Sb where 4.4%, ∼ 10% and 2.6% substitutions were obtained, respectively, as shown in Table I . A more detailed study of the compositions of Fe-substituted crystals is given in Sec. III C.
An interesting result is that in contrast to the case of BaFe 2 As 2 crystals grown in Sn flux where up to 2-3 at% of Sn with respect to Fe becomes incorporated into the crystals 24 that drastically modifies their physical properties, [25] [26] [27] Sn enters the crystal lattice of pure or lightly substituted BaMn 2 As 2 in much smaller amounts (see Table I ). Consistent with this result, our lightly Cr-, Fe-and Sb-substituted crystals were found to have magnetic properties very similar to those of pure BaMn 2 As 2 , as will be shown in Sec. V.
Field-and temperature-dependent magnetization measurements were carried out using a superconducting quantum interference device magnetometer (Quantum Design, Inc.). Heat capacity measurements were done using a thermal relaxation technique with a Quantum Design physical property measurement system (PPMS).
Electrical resistivity measurements were carried out using a four-probe ac method in the PPMS. Contacts of the 0.05 mm diameter Pt electrical leads to the samples were made using silver epoxy for the polycrystalline samples and In Fig. 1(a) . The XRD data for the sample indicate that the sample contains a significant amount of impurities, mainly Fe 1−x Mn x As. We refined the XRD data using a twophase (BaMn 2 As 2 -rich and BaFe 2 As 2 -rich phases) Rietveld refinement but did not include the impurity phases in the refinement. For each 122-type phase, the data were refined in the body-centered-tetragonal space group I4/mmm using the atomic positions of the ThCr 2 Si 2 -type structure.
2 Figure 1 (a) shows the Rietveld fit, the difference profile between the data and fit, and the fitted line positions. The room temperature powder XRD pattern of the slow-cooled sample of Ba(Mn 0.2 Fe 0.8 ) 2 As 2 is shown in Fig. 2(a) . Similar to the case of Ba(Mn 0.8 Fe 0.2 ) 2 As 2 in Fig. 1(a) , the slow- cooled sample of Ba(Mn 0.2 Fe 0.8 ) 2 As 2 contains a significant amount of impurities. A two-phase Rietveld refinement of the data was carried out in the same way as for Ba(Mn 0.8 Fe 0.2 ) 2 As 2 to obtain the unit cell parameters and the volumes and percentage molar fractions of BaMn 2 As 2 -rich and BaFe 2 As 2 -rich phases. This fit is shown in Fig. 2(a) .
Similar to the above cases of Ba(Mn 0.8 Fe 0.2 ) 2 As 2 and Ba(Mn 0.2 Fe 0.8 ) 2 As 2 , the slow-cooled samples of Ba(Mn 1−x Fe x ) 2 As 2 (x = 0.4, 0.5 and 0.6) also contain phase-separated mixtures of the Fe-rich and Mn-rich 122-type phases together with impurity phases. We carried out similar two-phase Rietveld refinements of the XRD patterns of these samples for the Mn-rich and Fe-rich 122-type phases. The a and c lattice parameters and the unit cell volumes of the BaMn 2 As 2 -rich and BaFe 2 As 2 -rich phases in Ba(Mn x Fe 1−x ) 2 As 2 are listed in Table II TABLE II : Crystal data at room temperature for the 122-type phase(s) in slow-cooled (SC) and quenched (Q) phases of polycrystalline Ba(MnxFe1−x)2As2 (x = 0.2, 0.4, 0.5, 0.6 and 0.8). All samples except for the quenched Ba(Mn0.2Fe0.8)2As2 and Ba(Mn0.8Fe0.2)2As2 samples also contained impurity phases. The temperature in parentheses following a "Q" symbol is the temperature from which the sample was quenched. The crystal data were obtained from Rietveld refinements of powder XRD data in the body-centered-tetragonal space group I4/mmm using the atomic positions of the ThCr2Si2-type structure.
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The tetragonal lattice parameters are a and c and V cell is the unit cell volume. M represents transition metal atoms (Mn and Fe), zAs is the c-axis position parameter of As, dM−As is the Mn/Fe-As bond distance and θ2 is the twofold As-M -As bond angle 2 within a distorted M -centered M As4 tetrahedron. and plotted versus nominal Mn content x for all five samples in Fig. 3 , together with data 2 for x = 0 and x = 1 from the literature. The corresponding volume and molar fraction of the BaMn 2 As 2 -rich phase in the samples are plotted versus nominal Mn concentration x in Fig. 4 . Since impurity phases were not accounted for in the refinements, the values of the molar fraction in Fig. 4 represent the relative fractions of the BaMn 2 As 2 -rich and BaFe 2 As 2 -rich phases. Considering Vegard's law shown in Fig. 3 and the straight-line fit to the data in Fig. 4 , the data in these two figures consistently indicate that a miscibility gap occurs in the Ba(Mn x Fe 1−x ) 2 As 2 system at 300 K (for the slow-cooled samples) that has the composition range 0.12 < ∼ x < ∼ 1. That is, about 12% of Mn can be substituted for Fe in BaFe 2 As 2 but almost no Fe can be substituted for Mn in BaMn 2 As 2 . In the following section we investigate whether the miscibility gap boundaries are temperature-dependent.
B. Quenched Polycrystalline Samples
The Rietveld refinement of the powder XRD data for a Ba(Mn 0.8 Fe 0.2 ) 2 As 2 sample quenched from 1000
• C to 77 K, shown in Fig. 1(b) , indicates that the sample is a single phase, with no evidence of phase separation of different compositions of 122-type phases or of impurity phases. The unit cell volume calculated from the lattice parameters is 229.11(3)Å 3 , which is 2.19% smaller than that of pure BaMn 2 As 2 . Similarly, Rietveld refinement of a quenched Ba(Mn 0.2 Fe 0.8 ) 2 As 2 sample shown in Fig. 2(b) exhibits an excellent fit to the data for a single 122-type phase with no evidence for any impuritiy phases. The volume of the unit cell is 210.06(1)Å 3 , which is 2.78% larger than that of pure BaFe 2 As 2 , as expected for a single-phase sample. These observations and those above in Sec. III A demonstrate that BaMn 2 As 2 and BaFe 2 As 2 are miscible at 1000
• C at the compositions Ba(Mn 0.8 Fe 0.2 ) 2 As 2 and Ba(Mn 0.2 Fe 0.8 ) 2 As 2 but phase-separate when slowly cooled from this temperature.
In contrast to the samples with compositions x = 0.2 and 0.8 that were single-phase when quenched from 1000
• C to 77 K, the samples with x = 0.4, 0.5 and 0.6 synthesized under identical conditions were manifestly multi-phase, demonstrating that the miscibility gap at 1000
• C is 0.2 < ∼ x < ∼ 0.8. The x-ray patterns of the latter three compositions were too ill-defined to be able to obtain reliable Rietveld refinements using them. On increasing the temperature to 1100-1400
• C from which the samples were quenched (see Table II ), multi-phase samples were still obtained but for which the x-ray patterns could be refined assuming an approximately single 122-type phase plus impurity phases, suggesting that the miscibility gap does not close even at 1400
• C. For example, shown in Fig. 5 are powder XRD data for Ba(Mn 0.5 Fe 0.5 ) 2 As 2 samples that were either slow-cooled from 1000
• C or quenched from 1400
• C as representative of the x = 0.4, 0.5 and 0.6 compositions. Both samples contain impurity phases that are mainly FeAs 2 and Fe 1−x Mn x As. A two-phase Rietveld refinement of the XRD data for the slow-cooled sample in Fig. 5(a) yields the unit cell volumes and percentage molar fractions of BaMn 2 As 2 -rich and BaFe 2 As 2 -rich phases shown in Table I and Figs. 3 and 4 that were discussed above in Sec. III A. The powder XRD pattern of the quenched sample in Fig. 5(b) indicates that the sample contains an approximately single 122-type phase in addition to impurity phases. The calculated unit cell volume of the 122-type phase is 225.74(5)Å 3 , which suggests a significant mixing of BaMn 2 As 2 and BaFe 2 As 2 at 1400
• C, but as noted this sample is not single-phase. The crystal data for these quenched samples with compositions x = 0.4, 0.5 and 0.6 are summarized in Table II and Figs. 3 and 4 .
The results in this section indicate that the miscibility gap 0.12 < ∼ x < ∼ 1 at 300 K has narrowed to 0.2 < ∼ x < ∼ 0.8 at 1000
• C. The occurrence of a single 122-type phase plus impurity phases for samples with 0.2 < ∼ x < ∼ 0.8 quenched from 1100 to 1400
• C suggests the existence of a homogeneity range at these temperatures for the 122-type phase.
C. Ba(MnxFe1−x)2As2 Single Crystals
Two batches of Ba(Mn x Fe 1−x ) 2 As 2 crystals were grown in Sn flux from a polycrystalline sample of nominal composition Ba(Mn 0.5 Fe 0.5 ) 2 As 2 by slowly cooling from 1100
• C as discussed in Sec. II. The molten Sn flux was decanted at either 700 or 900
• C by removing the silica tube from the oven at the respective temperature and quickly placing the inverted tube into a centrifuge that spun up within ∼ 10 s. This procedure is equivalent to a slow quench of the crystals to room temperature from the respective temperature. Examples of such crystals are shown in Fig. 6 . The compositions of many crystals from the two batches at up to six points on each crystal were measured using EDX and representative results are shown in Table III . The data for the crystals examined demonstrate that a miscibility gap exists in the Ba(Mn x Fe 1−x ) 2 As 2 system, with a composition range of 0.16 < ∼ x < ∼ 0.93 at 700 • C and an upper limit to x that decreases somewhat to x max ≈ 0.89 at 900
• C, qualitatively similar to our results above on polycrystalline samples. Note that Crystal-3 obtained by decanting the Sn flux at 700
• C showed a ∼ ±30% variation in the Mn concentration at different points on the crystal.
Among eleven crystals for which the Sn flux was decanted at 900
• C that were examined by EDX analysis (only five of which are shown in Table III ), none were found to be Fe-rich even though such crystals were found when the Sn flux was decanted at 700
• C. This difference suggests that Fe-rich crystals grow in Sn flux only between 700 and 900
• C when the starting composition is Ba(Mn 0.5 Fe 0.5 ) 2 As 2 .
IV.
PHYSICAL PROPERTIES OF SINGLE-PHASE QUENCHED POLYCRYSTALLINE Ba(MnxFe1−x)2As2 SAMPLES (x = 0.2, 0.8)
A. Electrical Resistivity Measurements
The ρ(T ) data for the single-phase quenched polycrystalline samples of Ba(Mn 0.8 Fe 0.2 ) 2 As 2 and Ba(Mn 0.2 Fe 0.8 ) 2 As 2 are shown in Fig. 7 . The large • C. The top picture shows "Crystal-2" which contains intergrowths of crystals with compositions as listed for Crystal-2 in Table III for which the decanting temperature was 700
• C. The bottom picture is of a large single crystal "Crystal-8" (and a small crystal of the same composition attached to it on the bottom right) with the composition given for Crystal-8 in Table III) for which the decanting temperature was 900
• C. In both pictures, the large flat surfaces in the foreground are the ab planes of the crystals. magnitudes and semiconducting-like temperature dependences suggest nonmetallic ground states for both compounds. However, we emphasize that electronic transport measurements on polycrystalline samples can give spurious results. Measurements on single crystals are needed for definitive electronic transport characterizations. The ρ(T ) data in applied magnetic fields H = 0 and H = 8 T closely superimpose, suggesting that spindependent scattering does not contribute significantly to the resistivity of these materials over the T range of the measurements. Plots of lnρ versus 1/T are shown in the insets of the respective figures. Extended linear regions are not found in these plots, which precludes the estimation of activation energies ∆ in contrast to BaMn 2 As 2 crystals where ∆ ∼ 30 meV was found from in-plane ρ(T ) measurements.
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The ρ(T ) data for Fe-rich Ba(Mn 0.2 Fe 0.8 ) 2 As 2 in TABLE III: Mn and Fe contents of Ba(MnxFe1−x)2As2 single crystals grown from a polycrystalline sample of nominal composition Ba(Mn0.5Fe0.5)2As2 using Sn flux that was decanted using a centrifuge at either 700 or 900
• C, as listed, equivalent to a slow quench to room temperature from the respective temperature. The chemical composition was determined at up to six basal-plane spots on each crystal, as listed, using EDX analysis. Of eleven crystals examined for which the Sn was decanted at 900
• C (only five such crystals are shown in the table), none were found to be Fe-rich. Note that "Crystal-2" is an intergrowth of Mn-rich and Fe-rich crystals shown in the top panel of Fig. 6 .
Crystal
Spot Mn-content Fe-content x (%) 100 − x (%) Crystal-1 (700 the opposite Mn-rich end of the composition range, suggest that some type of phase transition may occur at T ≈ 260 K.
B. Magnetization and Magnetic Susceptibility Measurements
Isothermal magnetization M versus H measurements for the quenched single-phase polycrystalline samples of Ba(Mn 0.8 Fe 0.2 ) 2 As 2 and Ba(Mn 0.2 Fe 0.8 ) 2 As 2 are shown in Fig. 8 for the field range up to 5.5 T. The M data taken at various temperatures for both compositions are proportional to H, except for the data below 10 K where they exhibit slight nonlinear behaviors with negative curvature for fields below ∼ 2 T, which most likely arise from saturable paramagnetic impurities. We performed linear fits to the M (H) data in the field range 3 ≤ H ≤ 5.5 T for T ≤ 10 K; the high-field slopes give independent values of χ(T ) of the materials below 10 K that are referred 
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The upturns in χ(T ) for the samples below ∼ 70-200 K may be due to the presence of nonsaturable paramagnetic impurities and/or magnetic defects, although as previously noted we did not detect any impurity phases in these samples from XRD measurements. There is no clear evidence from the χ(T ) data for either sample for an anomaly in χ(T ) due a SDW and/or tetragonal-toorthorhombic transition. Such transitions are observed at ≈ 137 K in undoped BaFe 2 As 2 .
We note that consistent with the XRD data in Fig. 5(b) for the quenched (1400
• C to 77 K) sample of Ba(Mn 0.5 Fe 0.5 ) 2 As 2 , our M (H, T ) data for this sample (not shown) indicated the presence of a substantial amount of ferromagnetic impurities. Hence, we did not attempt to extract χ(T ) from the M (H, T ) data for this sample.
C. Heat Capacity Measurements
The temperature variation of the heat capacity at constant pressure (C p ) for the two single-phase quenched polycrystalline samples of Ba(Mn 0.2 Fe 0.8 ) 2 As 2 and Ba(Mn 0.8 Fe 0.2 ) 2 As 2 are shown in Figs. 10 and 11 , respectively. The measured value of C p at T = 275 K is 129 and 130 J/mol K for Ba(Mn 0.2 Fe 0.8 ) 2 As 2 and Ba(Mn 0.8 Fe 0.2 ) 2 As 2 , respectively. These values are close to, but a bit larger than, the classical Dulong-Petit heat capacity C V = 15R ≈ 124.7 J/mol K expected for a crystalline compound containing five atoms/f.u. The C p (T ) data for the two compounds show no evidence for any phase transitions in the temperature range of measurement.
We fitted the low-temperature C p (T ) data in Figs. 10(b) and 11(b) using the expression
where γ is the Sommerfeld coefficient of the electronic heat capacity and β is the coefficient of the Debye T term for lattice heat capacity. The values of the fitting parameters and their error bars are given in the figures. The value of γ reported by Singh et al. for BaMn 2 As 2 is 0.0(4) mJ/mol K 2 . 15 The nonzero values of γ for Ba(Mn 0.8 Fe 0.2 ) 2 As 2 and Ba(Mn 0.2 Fe 0.8 ) 2 As 2 suggest metallic ground states. Indeed, our ρ(T ) measurements indicate that the magnitude of the resistivities of Ba(Mn 0.8 Fe 0.2 ) 2 As 2 and Ba(Mn 0.2 Fe 0.8 ) 2 As 2 are significantly smaller than reported for BaMn 2 As 2 .
15 The Debye temperature Θ D is estimated using the expression
where n is the number of atoms per formula unit reported for a single crystal of BaMn 2 As 2 .
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The Debye lattice heat capacity function at constant volume per mole of atoms is
This function describes the heat capacity of acoustic phonons. The C Debye V (T ) is plotted in Figs. 10(a) and 11(a) using the value Θ D = 265 K determined in Figs. 10(b) and 11(b) and taking into account the five atoms per formula unit. Overall, the Debye function fits the data reasonably well, but a temperature dependence of Θ D is evident from the comparison. 30 Also, the experimental data at the higher temperatures are above the Debye function, suggesting additional contributions. We added the respective electronic contributions γT to the Debye function, as shown in Figs. 10(a) and 11(a) . The data are still above the calculated values at the highest temperatures. Finally, we calculated the difference C p − C V for the lattice heat capacity for the compound BaFe 2 As 2 according to the thermodynamic relation 
This prediction is similar in magnitude to the electronic γT contribution for the Mn-rich sample in Fig. 11(a) and is not sufficient to obtain agreement with both the magnitude and slope of the data near 300 K, especially for the Mn-rich sample, suggesting that at least one other contribution to the heat capacity is present. This additional heat capacity could arise from optic phonons and/or from magnetic excitations.
V.
PHYSICAL PROPERTIES OF SINGLE CRYSTALLINE Cr-, Fe-AND Sb-SUBSTITUTED BaMn2As2
As noted previously in Sec. II, our attempts to grow single crystals of substituted Ba(Mn 1−x T x ) 2 As 2 (T = Cr, Fe, Co, Ni, Cu, Ru, Rh, Pd, Re, Pt) and BaMn 2 (As 1−x Sb x ) 2 using Sn flux were mostly unsuccessful. The only partially successful attempts were with Cr and Fe substitutions for Mn and Sb substitution for As, where we achieved 4.4%, ∼ 10% and 2.6% substitutions, respectively. These concentrations were much smaller than present in the starting compositions of the crystal growth mixtures. Here we present in-plane ρ(T ) and anisotropic χ(T ) measurements on such Cr-, Fe-and Sb-substituted crystals, which were found to be similar to the respective properties of unsubstituted BaMn 2 As 2 crystals.
A. Electrical Resistivity Measurements
The in-plane ρ(T ) data for single crystals of Ba(Mn 0.901 Fe 0.099 ) 2 As 2 and Ba(Mn 0.956 Cr 0.044 ) 2 As 2 are shown in Fig. 12 . The ρ(T ) behaviors for both crystals exhibit monotonic increases with decreasing T below our high-temperature limit of 300 K. The resistance values below ∼ 100 K became very large and exceeded the measurement limit of our instrument, indicating insulating ground states of the materials, similar to previous observations on single-crystal BaMn 2 As 2 .
14, 15 An applied magnetic field of 8 T resulted in no significant change in ρ(T ) for either sample, as shown.
The insets of the two panels in Fig. 12 show lnρ versus 1/T . The data in each inset suggest two quasi-linear regions, as shown by the two straight red lines. The data in these regions follow ln ρ = A + ∆/k B T , where A is a constant, ∆ is the activation energy and k B is Boltzmann's constant. The fitted values of the activation energies in the lowest and highest-T regions for each sample are given in the figure caption. The larger value for each sample can probably be interpreted as the intrinsic activation energy while the smaller one may be the energy gap between donor or acceptor energy levels and a conduction or valence band, respectively. 2 , respectively. For each compound M is proportional to H, except for temperatures T ≤ 10 K where the data sometimes exhibit nonlinear behavior at fields below ∼ 2 T. These data are similar to the above-discussed M (H, T ) data for quenched polycrystalline samples of Ba(Mn 0.8 Fe 0.2 ) 2 As 2 and Ba(Mn 0.2 Fe 0.8 ) 2 As 2 , and indicate the absence of significant amounts of ferromagnetic or saturable paramagnetic impurities in the samples. In particular, the problematic relatively large amounts of ferromagnetic MnAs impurities present in BaMn 2 As 2 crystals studied previously 15 are not present in the present lightly substituted crystals.
Shown in Fig. 16 is the anisotropic temperature Fig. 16 . Similar to data for undoped BaMn 2 As 2 (Ref. 15 ) that are also shown in the figure, the in-plane susceptibility χ ab ∼ 1.5 × 10 −3 cm 3 /mol is nearly independent of T over the whole T range of the measurement for all our crystals. In contrast, the c axis susceptibility χ c generally decreases monotonically with decreasing T below 300 K. These observations indicate that our substituted crystals have magnetic properties very similar to those of unsubstituted BaMn 2 As 2 and therefore that the former substituted crystals are antiferromagnetically ordered with Néel temperatures T N far above room temperature, where T N = 625 K for unsubstituted BaMn 2 As 2 . 
VI. SUMMARY AND CONCLUSIONS
From our room-temperature powder XRD measurements of polycrystalline Ba(Mn x Fe 1−x ) 2 As 2 samples slow-cooled from 1000
• C, we discovered a miscibility gap at 300 K with a composition range 0.12 < ∼ x ≤ 1. However, the miscibility gap becomes narrower at higher temperatures. For samples quenched into liquid nitrogen from 1000
• C, the miscibility gap narrows to the concentration region 0.2 < ∼ x ≤ 0.8. The quenched samples of Ba(Mn x Fe 1−x ) 2 As 2 with x = 0.4, 0.5 and 0.6 contain a single 122-type phase but also contain significant amounts of impurities, mainly Fe 1−x Mn x As and FeAs 2 . These latter results suggest that the equilibrium phase diagram between BaMn 2 As 2 and BaFe 2 As 2 is not pseudo-binary in nature near the middle of the composition range. are not metallic, but we caution that reliable resistivity data on such materials can only be obtained using single crystals. Indeed, our heat capacity measurements on these two samples reveal significant linear terms at low temperatures, suggesting metallic ground states. We attempted to grow single crystals of substituted BaMn 2 As 2 out of Sn flux. However, substitution of Mn by Co, Ni, Cu, Ru, Rh, Pd, Re and Pt did not occur in concentrations greater than 0.5% except for 4.4% and ∼ 10% substitutions in the case of Cr and Fe, respectively, and 2.6% substitution of As by Sb. The magnetic properties of Fe-, Cr-and Sb-substituted BaMn 2 As 2 crystals are similar to those of pure BaMn 2 As 2 .
